Because excretion of certain nucleosides increases in all types of cancer, detection and treatment of the disease would be enhanced by rapid, simple quantitation of such nucleotides. To facilitate these analyses in urine, we have prepared a specific adsorbent for nucleosides. The affinity adsorbent gel contains an immobilized phenylboronic acid group that specifically binds cis-diols, as in ribonucleosides, which can then be quantitatively recovered by elution with acetic acid. The advantage of this boronate gel over other preparations lies in its high capacity in the swollen state (0.26 mmol/ml), so that only small volumes (less than 1 ml) of gei are required for assays. Nucleosides containing a free diol group on the ribosyl group are retained at pH 8.8 in 0.25 mol/liter salt solution with a retention volume of 15 or larger, as compared with values of 1 to 2 for the free bases. Negatively charged species (not including the boronate complex) are eluted earlier than neutral or cationic species. Added nucleosides (neutral, cationic, or anionic) are quantitatively recovered. Because pseudouridine is eluted in a unique position, this property has been used to measure it in urine. The procedures used are chemically mild. For example, we have confirmed the observation of Fink and Adams [Arch. Biochem. Biophys. 126, 27 (1968)] that urine contains N'-methyladenosine and not N6-methyladenosine, the alkaline rearranged product. Urine contains certain metabolic end products of nucleic acid metabolism. Besides commonly known compounds such as uric acid, small amounts of a diverse group known as-modified nucleosides and bases are also present. Some of these compounds do not enter the salvage pathways, so they are excreted as undiluted metabolic end products of nucleic acid metabolism. Nucleic acids, including tRNA, rRNA, and mRNA, are known to be modified after they have been transcribed from DNA. Thus the excreted modified nucleosides can be an accurate set of markers of RNA metabolism, and changes in excretion should reflect altered patterns of RNA metabolism in the host.
Because excretion of certain nucleosides increases in all types of cancer, detection and treatment of the disease would be enhanced by rapid, simple quantitation of such nucleotides. To facilitate these analyses in urine, we have prepared a specific adsorbent for nucleosides. The affinity adsorbent gel contains an immobilized phenylboronic acid group that specifically binds cis-diols, as in ribonucleosides, which can then be quantitatively recovered by elution with acetic acid. The advantage of this boronate gel over other preparations lies in its high capacity in the swollen state (0.26 mmol/ml), so that only small volumes (less than 1 ml) of gei are required for assays. Nucleosides containing a free diol group on the ribosyl group are retained at pH 8.8 in 0.25 mol/liter salt solution with a retention volume of 15 or larger, as compared with values of 1 to 2 for the free bases. Negatively charged species (not including the boronate complex) are eluted earlier than neutral or cationic species. Added nucleosides (neutral, cationic, or anionic) are quantitatively recovered. Because pseudouridine is eluted in a unique position, this property has been used to measure it in urine. The procedures used are chemically mild. For example, we have confirmed the observation of Fink Urine contains certain metabolic end products of nucleic acid metabolism. Besides commonly known compounds such as uric acid, small amounts of a diverse group known as-modified nucleosides and bases are also present. Some of these compounds do not enter the salvage pathways, so they are excreted as undiluted metabolic end products of nucleic acid metabolism. Nucleic acids, including tRNA, rRNA, and mRNA, are known to be modified after they have been transcribed from DNA. Thus the excreted modified nucleosides can be an accurate set of markers of RNA metabolism, and changes in excretion should reflect altered patterns of RNA metabolism in the host. The importance of such nucleosides in clinical diagnosis of cancer (1, 2) is illustrated by recent efforts to develop rapid, sensitive procedures for their analysis in human urine (3) (4) (5) . These techniques are not highly selective, and high-resolution liquid chromatography has been necessary for routine quantitative procedures (4, 5) . Charcoal has been used to concentrate nucleosides before liquid chromatography (4), but the variability in adsorption properties of charcoal is well known, and it does not discriminate between nucleosides and bases.
As part of a study of RNA metabolism in tumorbearing animals, we developed a nucleoside affinity support of high capacity. This material is composed of an immobilized dihydroxyboryl group that can selectively bind cis-diOls (Figure 1 ) of the correct conformation, under mild and reversible conditions. Maximal binding occurs with diols having the same hydroxyl conformation as ribose (6) . Because of highly efficient retention of nucleosides on the support, we have explored its value in recovery of nucleosides from urine. of Biogel P-2 hydrazide was weighed into a 50-ml plastic beaker and allowed to swell overnight at room temperature in 10 ml of distilled water. The expanded gel was washed with 100 ml of 0.1 mol/liter NaCl on a BUchner funnel, transferred to a 50-ml plastic beaker, and coupled at pH 4 with 8 to 10 mmol of succinic anhydride added in 10 equal portions over the course of 1 to 2 h. The gel beads were tested periodically with trinitrobenzenesulfonate reagent for completeness of conversion of the hydrazide (7). The carboxylate group content of the gel was determined by proton-binding titration (7).
Materials and Methods

Materials
The succinylated gel was thoroughly washed in 0.1 mol/liter NaC1, then transferred with minimum saline to the 50-mi plastic beaker. An amount of rn-aminophenylboronic acid equivalent to the carboxylate content of the gel was coupled (8) at pH 7 in an ice bath with equimolar amounts of EDAC. The amount of maminophenylboronic acid unreacted after 3 h was determined from the absorbance of the clear supernatant fluid at 293 nm (molar absorptivity = 1610 at pH 7). An additional amount of EDAC, equivalent to the unreacted boronate, was added to the stirred cold slurry. At 3-h intervals the above was repeated until no further coupling occurred. The slurry was then stirred overnight at room temperature.
We found that three to five such additions were needed.
The gel product contained 5.9 mmoi of free carboxyl groups after the succinic anhydride step and 4.9 mmol of boronate (calculated from the amount taken up) per gram of starting hydrazide gel. The final product is referred to as AHSB.
Capacity measurement.
A portion of AHSB was placed in a column 1.35 cm in diameter and 0.7 cm high. Because the gel contracts at pH values under pH 6, the column was prepared at pH 8. 5 .
Solutions having an absorbance of 1.0 at several pH values, and containing different buffer salts, were
AHSB, poly(acrylylhydrazidylsuccinamidlyphenylboronate);
A, adenosine; C, cytidine; G, guanosine, U, uridine, I, inosine;t6A, N6-(threoninocarbonyl)adenosine; mt6A, N6-methyl-N6-(threoninocarbonyl)adenosine; 4S, 4-thiouridine; m'I, N'-methylinosine; ac4C, N4-acetylcytidine; m'G, N1-methylguanosine; m22G, N2-dimethylguanosine; mtA, N6-methyladenosine; m'A, N' -methyladenosine; m3C, N3-methylcytidine. minus the amount unabsorbed after reaching the maximum absorbance. The AHSB may be washed with either pH 5 buffer or acetic acid to quantitatively recover all diols; 1 moi/ liter acetic acid completes the elution in less volume than the pH 5 buffer.
Recovery of nucleosides.
Urine (30 ml) was pretreated with AHSB to remove endogenous nucleosides, and the nonadsorbed material was used to test nucleoside recovery. Known quantities of G, U, C, and A were mixed with 0.3 ml of the pretreated urine and passed through the 4 X 0.5 cm column. The column was washed with the schedule described in Table 1 .
Analysis of nucleosides.
The pooled effluent from the AHSB was iyophilized to concentrate the samples. The residues were dissolved and washed into 0.4-mi plastic tubes in a total volume of less than 0.1 ml. The tubes were centrifuged to remove insoluble material, and the supernatant fluid was chromatographed on a cation exchanger according to Uziei et al. (9, 11) , except that borate affinity column) was added to 0.5 ml of AHSB in a total volume of 30 ml of 0.5 mol/Iiter NaCI; 1 mol/liter alkali was added in portions, and the pH was allowed to equilibrate.
A small aliquot was removed to measure the loss of A from solution.
bThe data are reported as mmol of A bound per milliliter of AHSB settled at pH 8.8.
C Ratio of A bound to boronate present, multiplied by 100.
the column dimensions were 0.5 X 100 cm. The cationic nucleosides were eluted from the same column by charge neutralization in the presence of borate (11 
Results
Gel Preparation
The gel was expanded at pH 8.6 and settled in water to remove fines. Of the original 8 ml, 3 ml was recovered as fines. The remainder was used for the following experiments.
At this pH the gel contained 0.5 mol of boronate per liter.
Analytical Behavior of Gel with Model Compounds
Capacity of nucleosides.
A typical capacity experiment is shown in Figure 2 . Adenosine was used as a model substrate to examine the effects of buffer, pH, and ionic strength. Table 2 lists the results. Recoveries were 100 ± 5% for 12 experiments. The nature of the buffer ion can significantly affect the capacity. For example, while tetramethylethylenediamine, phosphate and carbonate showed high capacities, tris(hydroxymethyl)methylamine buffer inhibited complex formation. This is not unexpected, because of the structure of the amino alcohol (12) .
The capacity increased with increasing pH (Tables  2, 3 ). The low but significant capacity at pH 5 may be caused in part by retention of A by the hydrophobic affinity support. This increased to a maximum binding of 0.26 mmol to A to 0.5 mmol of boronate (Table 3) . The capacity also increased with increasing ionic strength, approaching a plateau for A at about 0.5 mol/liter NaCl in tetramethylethylenediamine buffer (Table 2) .
Complex formation with nucleosides.
A column of AHSB, 0.5 cm in diameter by 4 cm high, equilibrated at pH 8.8 with 0.25 mol/liter ammonium acetate, was used for these experiments. A mixture of t6A, mt6A, U, I, G, 4S, C, and A was injected into the column, and approximately 15 bed volumes of buffer were passed through the column. At that point the eluent was changed to water, whereupon the pH initially increased, then rapidly decreased to near pH 7 before the nucleosides were eluted. Figure 3 illustrates the elution pattern. A final wash of 1 mol/liter acetic acid completely discharged the column, eluting residual cationic components or contaminants.
There was 100% recovery of the ultraviolet-absorbing material applied to the column. Individual application of U, G, A, C, and gave recoveries of 100 ± 5%.
Complex formation with
and related isomers. The pyranose forms of sugars generally form weaker complexes with phenyl boronate than the furanose forms (12, 13). This is illustrated in Figure 4 , in which the four tli isomers are partially resolved (' contains some 4'c)
at pH 8.8. The A isomers are the ribopyranosyl derivatives of the a and fi conformers. 'c the normally occurring isomer has the 3-ribofuranosyi conformation.
'c differs from the other nucleosides in that it emerges when 15 bed volumes of eluent are passed through the column ( Figure 5 ). The pooled lyophilized acetic acid fraction from 0.4 ml of human trifle (see Table 1 ) was analyzed accordIng to Uziel et al. (9) (except the column dimensions were 0.5 X 100 cm) with the addItion of a gradient (11) to shorten the time required to elute the cationic nucleosides. B is an extension of A, and the time intervals are also 30 mm. The adlent used to elute nucleosldes in B was made with 100 ml of 0.4 mol/Iiter ammonium borate (pH 8.6) contaIning 20 ml of dlmethylformamide, and 100 ml of the buffer used in A (0.4 mol/Ilter ammonium formate). The linear adlent was stated at 260 mm, so that the adient emerges just after cytidine. C The pooled lyophilized fraction from 0.4 ml of human urine (see Table 1 
Analysis of Urine
Isolation of ' from urine. We put a sample of human urine through the AHSB column and collected effluent corresponding to the volume at which ribosyluracil appears, because of the observation that it was eluted much earlier than the other modified nucleosides. Figure 6 (A and B) shows the pattern of the retained nucleosides eluted with 1 mol/liter acetic acid. The normal nucleosides, as well as many modified nucleosides, are found in this analysis. Figure 6C shows the chromatographic analysis of the ' region obtained from 0. observation by Fink and Adams (14) that urine does not contain m6A (the alkaline rearrangement product of mtA).
Analytical recovery of nucleosides.
Recovery of nucleosides was always 100±5%, whether they were tested individually or as a group (Figure 3) . Elution with 1 mol/liter acetic acid was completed with less than 9 ml of wash except when there was channeling (during gel shrinkage when pH drops) or when cationic nucleosides were present. In the latter cases, 20 ml was sufficient (Table 1) .
Discussion
The boronate-diol ester formation is representative of a new class of affinity adsorbents (8) that will be valuable in body-fluids analysis. To facilitate the use of boronate gels in clinical nucleoside analysis, we have synthesized an AHSB that has a 10-to 50-fold greater capacity than other such gels (8, 15). Because of this high capacity, less than 1 ml of the AHSB is needed to complete the assay. Thus the 0.5-ml urine sample can be conveniently handled.
The boronate gel-like most other chromatographic supports-shows some nonspecific adsorption, but it is negligible. For example, there is some attraction for neutral nonpolar compounds. The purine and pyrimidine bases are slightly retained so that they elute after a volume equivalent to ito 2 bed volumes of buffer has yet they are more strongly retained. The major structural difference between these four compounds is the ability of the number 4 oxygen of i' to move within H-bonding distance of the 2'-OH group. One can speculate that this intramolecular H-bond allows competitive inhibition of diol-boronate ester formation, resulting in less retention.
This unique elution pattern has potential use in rapid screening of urine for '. With a single solvent it is possible to selectively remove u,l'( Table 1 ) from non-diol contaminants and most nucleosides. Although the analysis of the ribosyl uracil region shows other components present, better gel preparations (finer, more uniform particles) may provide the necessary resolution.
Although borate has been used in sugar analyses for many years, this use of an immobilized boronate is probably the first practical use in body-fluids analysis. There are several other experimental or clinical situations in which this material may be of value. In the diagnosis of aberrant RNA metabolism, use of the immobilized boronate can facilitate the analysis of plasma, urine, or other body fluids and of cell culture media for modified nucleosides. If the purine and pyrimidine salvage pathways are being studied, this nucleoside affinity adsorbent can be used to collect the normal nucleosides also. There is the potential for use in enzyme assays such as ribonucleotide reductase (16) .
The complete study of cellular RNA metabolism will of course require an analysis of the free bases,5 because a substantial amount of the modified nucleosides is normally hydrolyzed. The analysis for free bases can be simplified by a combination of techniques. The nudeosides can be removed as described in this paper. Then the bases plus 2'-O'substituted nucleosides (which cannot form boronate complex) can be separated as a group from all negatively charged ultraviolet-absorbing species by chromatography on highly cross-linked polyacrylamide gels (17, 18) . The combined effluent
The amounts of free bases are also potentially diagnostic for cancer (3) . containing the desired compounds can then be analyzed by liquid chromatography (9) or other techniques.
